Primordial germ cells (PGCs) are the founder cells of the gametes. In mammals, PGCs migrate from the hindgut to the genital ridges, where they coalesce with each other and with somatic cells to form the primary sex cords. We show here that, in both sexes, PGCs express Pand E-cadherins during and after migration, and N-cadherin at post-migratory stages. E-Cadherin is not expressed by PGCs whilst in the hindgut, but is upregulated as they leave. Blocking antibodies against E-, but not P-cadherin cause defective PGC±PGC coalescence, and in some cases, ectopic PGCs. q
Introduction
Primordial germ cells (PGCs) play a central role in biology. They are the founders of the gametes, forming the sperm in males and the eggs in females. They are therefore responsible for passing genetic information between generations and thus perpetuating the species. In mammals, germ cells can ®rst be identi®ed due to the expression of alkaline phosphatase (Chiquoine, 1954) . They are seen in the extraembryonic mesoderm during gastrulation, appearing at embryonic day 7.25 (E7.25) in mice (Ginsburg et al., 1990) . At this stage they are situated at the base of the allantois, posterior to the primitive streak. PGCs migrate from this site over a 4-day period to their targets, the genital ridges.
PGCs have been considered a classical example of cells that migrate independently of one another (DeFelici and Dolci, 1987) . We have previously used confocal microscopy to study PGCs in ®xed fragments of embryo (Gomperts et al., 1994) , using an antibody which recognizes the cell surface carbohydrate stage speci®c embryonic antigen 1 (Fox et al., 1981) . This study revealed that PGCs do not migrate independently but instead associate with one another during migration via cytoplasmic processes which form extensive networks interlinking the cells. Post-migratory germ cells are found in clusters with few, if any, ®lo-podia. A similar sequence of events occurs when embryonic tissues containing PGCs are disaggregated and cultured in vitro on a monolayer of STO cells. The PGCs extend processes that contact other germ cells. They eventually sort out from the other embryo-derived cells in the culture to form tight clusters that are non-invasive and non-motile (Gomperts et al., 1994) .
Candidate molecules that may govern this interaction include the cadherins, a large family of homotypic, calcium-dependent, intercellular adhesion molecules. Northern analysis has revealed the expression of E-, P-, and N-cadherin mRNA in the developing postnatal rat testis (Wu et al., 1993) . Studies using immunohistochemistry have demonstrated the presence of N-cadherin protein in germ cells in the E14.5 mouse testis (Wolgemuth et al., 1997) , and E-cadherin protein in E12.5 male and female mouse germ cells (Lin and DePhilip, 1996) .
These data led us to perform a more thorough examination of cadherin expression at earlier stages of primordial germ cell migration and early gonad formation in the mouse. Here we report the presence of E-, N-, and P-cadherins on PGCs. When we blocked E-cadherin function using antibodies, we disrupted PGC±PGC adhesion, and found a defect in compaction of the gonad, with, in severe cases, ectopic germ cells.
Results

PGCs express E-, N-, and P-cadherins
To facilitate our analysis, we utilized a transgenic mouse that expresses green¯uorescent protein (GFP) in the germline (Anderson et al., 1999a) . Using¯ow cytometry, we isolated a pure population of E12.5 PGCs, and performed RT-PCR on the resultant mRNA. Control reactions were performed and showed the presence of the tyrosine kinase receptor c-Kit in the PGCs (Fig. 1) . Steel factor was ampli®ed from somatic cells, but not from the PGC cDNA, indicating that there was no somatic cell contamination (Fig. 1) .
We then performed RT-PCR using speci®c primers for those cadherins found in a screen of the E15 mouse testis (Munro and Blaschuk, 1996) . Messages for E-, N-, and Pcadherins were present, but we did not detect K-, OB-, T1-, or T2-cadherins (Fig. 1) .
We further characterized E-cadherin expression using whole-mount immunohistochemistry. GFP expression in the germline of our transgenic mice allowed us to clearly identify PGCs from E8.5 through E14.5. At E8.5, PGCs are being incorporated into the forming hindgut. Since Ecadherin is present on the gut epithelium, we hypothesized that expression of this molecule by PGCs might be required for their interaction with the hindgut. Our analysis revealed that this is probably not the case, however, as the PGCs at this stage appeared to be negative for E-cadherin (Fig. 2A±  C) .
By E9.5, PGCs are beginning to leave the hindgut. Whole-mount immuno¯uorescence staining of E9.5 mouse embryos for E-cadherin revealed that, while the germ cells embedded in the hindgut remained negative, those that had Fig. 1 . RT-PCR cadherin screen performed on mRNA isolated from a pure population of E12.5 PGCs. c-Kit was ampli®ed from the PGCs, while message for its ligand, steel factor, was ampli®ed from the somatic cells but not the PGCs, indicating that there was no somatic contamination in the PGC mRNA. Bands were seen for E-, N-and P-cadherins. Messages were not detected for K-, OB-, T1-, or T2-cadherins. Only one band of the expected size was ampli®ed in each reaction. The lower bands in the T1-and T2-cadherin lanes represent primer dimers. begun their migration to the genital ridges had turned on Ecadherin (Fig. 2D±F ). E-Cadherin expression was increased in E10.5 PGCs, and was concentrated at the points of germ cell±germ cell interactions (Fig. 3 A±C) . Strong expression continued in the E11.5 genital ridge (Fig. 3D±F) .
By E12.5, male and female genital ridges become distinguishable. They consist of germ cells arranged in cords with supporting cells (follicle cells in the female and Sertoli cells in the male) surrounding them (Jost et al., 1973) . Although the organization of the cords in males and females is quite Fig. 3 . Optical sections from E10.5 (A±C) and E11.5 (D±F) embryos stained for E-cadherin (A,D) and GFP (B,E). (C,F) Superimposed images of (A,B) and (D,E), respectively. The ®gures from the E10.5 embryo are through the region of the dorsal mesentery. PGCs are aggregating with one another; the E-cadherin staining is concentrated at the sites of PGC±PGC contact. By E11.5, most of the PGCs have reached the genital ridge. E-Cadherin staining is again most intense at the points of interaction between germ cells. hg, hindgut; dm, dorsal mesentery; gr, genital ridge; mn, mesonephros. Scale bar, 50 mm. Fig. 4 . Gonads from E13.5 female (A) and male (B) embryos stained for E-cadherin (red) and laminin (green). The PGCs are arranged in clusters in the females, and cords in the male. The level of expression of E-cadherin appears similar between the sexes. Flow cytometry, with E-cadherin expression on the yaxis, and GFP expression on the x-axis, reveals no difference in E-cadherin expression between females (C) and males (D). Scale bar, 100 mm. distinct, we have found that both female and male germ cells express E-cadherin (Fig. 4A,B) . The level of expression appeared similar in both sexes by immunohistochemistry. We used¯ow cytometry as a more sensitive means of comparing E-cadherin expression by female and male PGCs. The analysis revealed no difference in the expression of E-cadherin between female and male germ cells (Fig.  4C,D) . We also wished to evaluate whether E-cadherin . Analysis of P-cadherin expression by PGCs using¯ow cytometry. Cadherin expression is shown on the y-axis, while GFP is on the x-axis. We performed both a negative isotype control (A) and positive controls for E-cadherin at E12.5 (B) and E10.5 (D). P-Cadherin was expressed on the surface of PGCs at both E12.5 (C) and E10.5 (E). All of the PGCs at E12.5 were positive for P-cadherin; thus, it is expressed by both male and female germ cells at this stage.
might also be involved in interactions between PGCs and somatic cells. We stained female and male gonads from E14.5 embryos for E-cadherin and GFP and found that Ecadherin was expressed speci®cally by the germ cells (Fig. 5) .
We looked for the expression of P-cadherin using¯ow cytometry. It was detected on all of the PGCs, both male and female, at E12.5 (Fig. 6) , and was also present on E10.5 PGCs (Fig. 6 ). N-Cadherin was also seen on both male and female germ cells at E12.5 using immunohistochemistry (Fig. 7) . We also stained with E-cadherin antibody to clearly de®ne the cell borders and found that, while Ecadherin was expressed along the full perimeter of the membrane, N-cadherin staining was much more focal, and was seen on only a few of the germ cells (Fig. 7) . NCadherin was not detected at earlier stages (data not shown).
Next, to evaluate function, we cultured slices of living E10.5 embryos from the region of the genital ridges and hindgut for 24 h in the presence of E-and P-cadherin blocking antibodies. These antibodies have been previously shown to block lung branching and skin morphogenesis in culture (Hirai et al., 1989a,b) . We used 300 mg/ml ECCD1 and/or 100 mg/ml PCD1. As a control, we cultured slices with 300 mg/ml ECCD2, an antibody which binds to Ecadherin but does not disrupt its function (Hirai et al., 1989a,b) . The slices were ®xed and viewed as whole mounts on the confocal microscope. We scored the slices on a scale of 0±4: 0, normal condensation of PGCs into the genital ridges; 1, mild defect in condensation; 2, moderate defect; 3, severe defect; and 4, severe defect in condensation with ectopic germ cells. At time 0, a number of germ cells were still in the hindgut and dorsal mesentery, while most of the PGCs had reached the dorsal abdominal wall and were distributed across the midline (Fig. 8A) . After 24 h, PGCs in slices cultured in media alone, or in slices incubated with control antibody, migrated and condensed into the genital ridges (Fig. 8B) . When we blocked E-cadherin function, the PGCs migrated in the proper direction, but they did not condense into the genital ridges as in the controls (Fig.  8C,D) . In severe cases, we found ectopic germ cells (Fig.  8D) . When the slices were scored, we found a signi®cant defect in the condensation of the PGCs into the genital ridges; the ECCD1 group had a mean score of 2.0^0.33 compared to the control group which had a mean score of 0.44^0.24 (P , 0:002) (Fig. 9) .
In order to rule out generalized tissue disruption as a mechanism for the ECCD1 phenotype, we performed hematoxylin and eosin staining on wax sections from experimental and control slices. The general tissue architecture was intact, although there was some evidence of cell death with both ECCD1 and ECCD2 (data not shown).
We hypothesized that P-cadherin may be playing an additive role in PGC aggregation. This was tested using the Pcadherin blocking antibody, PCD1. Slices cultured with PCD1 were normal, while the phenotype from a combination of ECCD1 and PCD1 was similar to ECCD1 alone (data not shown).
Finally, we wished to evaluate more closely whether ECCD1 was directly affecting adhesion between PGCs. We disaggregated genital ridges from E11.5 embryos and seeded them onto a STO cell monolayer; under these conditions, PGCs migrate and aggregate with one another over 24±48 h in culture (Gomperts et al., 1994) . We added the Ecadherin blocking antibody, ECCD1, or the control anti- Fig. 7 . Frozen sections from E12.5 male (A±C) and female (D±F) embryos stained for N-cadherin (A,D) and E-cadherin (B,E). (C,F) Superimposed images of (A,B) and (D,E), respectively. While E-cadherin was expressed along the full perimeter of the membrane, N-cadherin staining was much more focal, and was seen on only a few of the germ cells (arrows). mn, mesonephros. Scale bar, 50 mm.
body, ECCD2, to the wells. After culturing overnight, we ®xed the cells and counted the number of aggregates composed of three or more PGCs. There were only three such colonies (1% of the PGCs) when E-cadherin function was blocked, compared to 36 aggregates with the control antibody (13% of the PGCs). To further determine if our blocking antibody was speci®cally affecting cadherin-based adhesion between germ cells, we stained for b-catenin. We found that, in the controls, b-catenin was concentrated at the sites of PGC±PGC contact; the presence of E-cadherin blocking antibody, however, led to a more even distribution of b-catenin on the cell membranes (Fig. 10) .
Discussion
In this paper we report the expression of E-, N-, and Pcadherins by primordial germ cells. When PGCs can ®rst be identi®ed in the mouse, they appear as individual cells. During their migration from the hindgut, they form exten- Fig. 8 . Analysis of the effects of blocking E-cadherin in E10.5 embryo slice cultures. At time 0 (A), the germ cells are distributed in the dorsal mesentery and between the genital ridges, while numerous PGCs are still in the hindgut. After 24 h in culture in the presence of ECCD2, a control antibody which binds Ecadherin but does not disrupt its function, the germ cells condensed into the genital ridges (B). When E-cadherin was blocked, we saw a defect in PGC compaction, with an increase in germ cells in the midline. (C) A slice with a moderate defect in the condensation of PGCs into the genital ridges. In extreme cases, we saw a severe defect in condensation combined with the formation of ectopic germ cells (D). dm, dorsal mesentery; gr, genital ridge; hg, hindgut; eg, ectopic germ cells. Scale bar, 100 mm.
sive networks, with 90% of germ cells linked to at least one other PGC by E10.5 (Gomperts et al., 1994) . Upon their arrival at the genital ridges, the germ cells no longer extend ®lopodia, but round up and condense tightly into sex cords.
Cadherins appeared to be good candidate molecules in PGC±PGC interactions. Cadherins have been described on other migratory cells. Migrating chick neural crest cells express c-cad7, mouse crest cells express cadherin 11 (Nakagawa and Takeichi, 1995) , and migrating myoblasts express N-cadherin (Ong et al., 1998) .
Expression of P-and N-cadherins by PGCs
Previous work has demonstrated the expression of Pcadherin by somatic cells in the indifferent genital ridge and the early testis, but not in PGCs (Lin and DePhilip, 1996) . We utilized¯ow cytometry as a sensitive method of detecting P-cadherin expression by PGCs. We discovered that germ cells do indeed express P-cadherin on their surface, both during their migration at E10.5, and in postmigratory germ cells at E12.5 in both males and females. The ability with¯ow cytometry to stain living cells and easily identify them as PGCs due to their expression of GFP most likely accounts for the differences between our study and previous ®ndings (Lin and DePhilip, 1996) .
The function of P-cadherin in migrating PGCs is unclear. The coincident expression of P-, and E-cadherins is seen in other tissues, such as the lung epithelium, skin, and mammary gland (Hirai et al., 1989a,b; Daniel et al., 1995) . The lack of phenotype using a P-cadherin blocking antibody is consistent with the P-cadherin knockout mouse, which is fertile (Radice et al., 1997a) . It is possible that Pcadherin has a role in intercellular adhesion between germ cells and in germ cell±somatic cell interactions that, in its absence, can be compensated for by other intercellular adhesion molecules.
N-Cadherin protein was detected focally in post-migratory PGCs. It is, therefore, unlikely that it plays a role during Fig. 9 . The germ cells in slices cultured in the presence of E-cadherin blocking antibody (ECCD1) showed a signi®cant defect in the condensation of PGCs into the genital ridges compared to controls (ECCD2). The mean score in the ECCD1 group was 2.0^0.33, compared to 0.44^0.24. *P , 0:002. Fig. 10 . E-Cadherin blocking antibody speci®cally affects cadherin-based adhesion between PGCs. Genital ridges from E11.5 embryos were disaggregated and cultured overnight on an STO cell monolayer in the presence of control antibody (ECCD2) (A±C), or blocking antibody (ECCD1) (D±F). The cells were stained for b-catenin (A,D) and GFP (B,E). (C,F) Superimposed images of (A,B) and (D,E), respectively. In the controls (A), b-catenin staining was concentrated at the sites of PGC±PGC interaction (arrowhead). When we blocked the function of E-cadherin (D), b-catenin was more evenly distributed on the cell membranes (arrow). Scale bar, 50 mm.
PGC migration and condensation into the genital ridges. Its function is probably related to interactions of germ cells with somatic cells, as has been previously described (Newton et al., 1993) .
The role of E-cadherin in migrating PGCs
PGCs become incorporated into the hindgut epithelium, which expresses E-cadherin, by E8.5. We found that germ cells at this stage do not express E-cadherin, although this is a dif®cult analysis as the PGCs are surrounded by cells strongly positive for E-cadherin. It appears, therefore, unlikely that E-cadherin is required for the association of PGCs with the hindgut epithelial cells. Cadherins are believed to function in the sorting of cells during morphogenesis and in the maintenance of tissue and cell architecture and identity (Takeichi, 1995) ; therefore, PGCs might need to have Ecadherin expression turned off in order to maintain a distinct population of cells within the hindgut epithelium. It may be that the expression of other adhesion molecules allows for the incorporation of germ cells into the hindgut. Ep-CAM is an epithelial adhesion molecule shown to be expressed in migratory and post-migratory PGCs, and may be a candidate (Anderson et al., 1999b) .
Sexual differentiation can be visualized by E12.5, at which time E-cadherin is expressed equally on both male and female germ cells. In addition, examination of the somatic cells at these stages revealed that they did not express E-cadherin, suggesting that it is not involved in the interactions between PGCs and their supporting cells. It is, therefore, unlikely that E-cadherin plays a role in sexspeci®c patterning during early gonadogenesis. This is supported by the observation that sex cords will form in the near absence of germ cells (Pellas et al., 1991) .
As PGCs migrate from the gut to the genital ridges between E9.5 and E11.5, they turn on E-cadherin and associate with one another. E-Cadherin is concentrated at the sites of cell±cell contact, suggesting an active role in PGC±PGC interaction or recognition.
We evaluated this function further using an E-cadherin blocking antibody in E10.5 embryo slice cultures. The germ cells in control slices condensed tightly into the genital ridges. When we disrupted the function of E-cadherin, we saw a signi®cant defect in this compaction. This is similar to what is seen in Drosophila with germline null mutations for the epithelial cadherin, DE-cadherin (Oda et al., 1997) .
The defect in condensation of the PGCs into the genital ridges could be explained simply by the disruption of the adhesion of germ cells to one another. Cadherins have also been implicated in signaling, however, including the regulation of cell motility (Chen et al., 1997; Monier-Gavelle and Duband, 1997; Huttenlocher et al., 1998) . Studies on Ecadherin using cells in culture have shown that transfection of E-cadherin cDNA into invasive cells increases cell±cell adhesion and renders them non-invasive, while anti-Ecadherin antibodies have the opposite effect on E-cadherin expressing cells (Takeichi, 1993) . This effect has also been seen in vivo, where the loss of cadherin function in tumor cells is associated with increased invasiveness (Perl et al., 1998) . In particular, the formation of ectopic PGCs when Ecadherin function was blocked may represent an alteration in signaling. Ectopic germ cells can be found normally in the embryo. These cells undergo apoptosis, probably in part due to the lack of steel factor in their local environment (Godin et al., 1991) . Ectopic PGCs that survive, however, may give rise to extragonadal germ cell tumors; two-thirds of pediatric germ cell tumors in the pediatric population arise outside the gonads (reviewed in Altman, 1998) . Thus, the normal condensation of PGCs into the genital ridges could result from both adhesion, leading to the formation of a PGC`network' during migration, and an Ecadherin mediated signal for the germ cells to become non-motile once they have compacted and formed the indifferent gonad.
In this study, we have found the presence of E-, N-, and Pcadherins in mouse primordial germ cells. In addition, we have demonstrated a role for E-cadherin in the adhesion of PGCs to one another, and in their condensation of PGCs into the genital ridges. Further studies will need to be performed to address directly the role of E-cadherin in PGC adhesion versus motility. The best model would involve either a targeted deletion of E-cadherin, or the expression of a dominant-negative cadherin. Cadherins play critical roles in early embryogenesis; E-cadherin null mutants die around the time of implantation (Larue et al., 1994) , while embryos lacking N-cadherin die by E10.5 (Radice et al., 1997b) . Potential promoters which could be used in a germline knockout are also expressed in other tissues in the early embryo (MacGregor et al., 1995; Yeom et al., 1996) . Thus, a germline-speci®c cadherin knockout would need to be controlled not only for tissue speci®city, but also timing.
Experimental procedures
Mice
Transgenic mice were obtained as previously described (Anderson et al., 1999a) . Embryos were obtained from CD1 females (Charles River) and were mated to FVB males homozygous for the transgene. The morning of vaginal plug was considered day 0.5.
Antibodies
The primary antibodies used for immunohistochemistry were ECCD2 (1:200) (Zymed), PCD1 (1:100) (Zymed), bcatenin antibody (1:100) (Zymed), GFP polyclonal antibody (1:400) (Clontech), 13A9 (1:4) (a gift from M. Wheelock), and laminin polyclonal antibody (1:100) (Sigma). Secondary antibodies (Jackson ImmunoResearch) were Cy3 (1:500), FITC (1:100), and PE-conjugates (1:100).
Immunohistochemistry
Whole-mount immunohistochemistry was performed as previously described (Gomperts et al., 1994) . For frozen sections, tissue was embedded in OCT (Tissue-Tek), snapfrozen in isopentane submerged in liquid N 2 , and cut into 5± 10 mm-thick sections. The sections were ®xed for 2 min in 4% paraformaldehyde, permeabilized with phosphatebuffered saline (PBS) 1 0.2% Triton X-100 (Sigma), and blocked with PBS 1 3% bovine serum albumin (BSA) 1 0.02% sodium azide (PSA). Primary antibodies were diluted in PSA and incubated overnight. After washing in PBS, secondary antibodies were added after dilution in PSA. After washing in PBS, the slides were mounted in 90% glycerol 1 10% water 1 100 mg/ml DABCO (Sigma).
Flow cytometry
Flow cytometry was performed as previously described (Anderson et al., 1999a) . We used a non-speci®c rat IgG 2 antibody (Pharmingen) as an isotype control.
RT-PCR
The isolation of mRNA and subsequent RT-PCR were performed as previously described (Anderson et al., 1999a ). An E12.5 mouse embryo cDNA library (Stratagene) was used as a positive control. The primer sequences have been previously published (see Table 1 ).
Embryo slice cultures
Embryos were obtained at E10.5 and dissected in PBS 1 1% fetal bovine serum (Sigma). The embryos were sliced through the region of the hindgut and genital ridges using forceps (Asico) and were approximately 200 mm in thickness. The presence of PGCs was con®rmed using an inverted¯uorescent microscope (Nikon). The slices were placed on Lab-Tek II chamber slides (Fisher) and cultured in 30 ml of media at 378C with 5% CO 2 for 24 h in the presence of 300 mg/ml ECCD1 (Zymed), an E-cadherin blocking antibody, 300 mg/ml ECCD2, an antibody which binds E-cadherin but does not disrupt its function, 100 mg/ ml PCD1, a P-cadherin blocking antibody, or 200 mg/ml ECCD1 plus 100 mg/ml PCD1 (Hirai et al., 1989a,b) . The media consisted of DMEM (CellGro) supplemented with 4 mM fresh glutamine (Sigma), 20% ES cell quali®ed fetal bovine serum (GIBCO) and penicillin±streptomycin solution (Sigma). The fetal bovine serum was heat inactivated by incubating at 568C for 30 min. The slices were ®xed in fresh 4% paraformaldehyde, stained as a whole mount with anti-GFP antibody, and viewed on a confocal microscope (BioRad). The slices were then dehydrated in ethanol, cleared in xylene, and embedded in Paraplast (Sigma). Sections were mounted on slides, dewaxed in xylene, rehydrated in a graded ethanol series, and stained with Gill's #2 hematoxylin (Fisher) and 1% eosin Y (Acros) in ethanol with acetic acid.
Statistics
Slices were scored on a scale of 0±4: 0, normal condensation of PGCs into the genital ridges; 1, mild defect in condensation; 2, moderate defect; 3, severe defect; and 4, severe defect in condensation with ectopic germ cells. Scores were analyzed using the ANOVA tool from Microsoft Excel 98. Error bars represent the standard error of the mean.
STO cell assay
Embryos were obtained at E11.5 and dissected in PBS with 1% fetal bovine serum (Sigma). We removed the genital ridges and incubated them at 48C in PBS 1 0.5 mM EDTA. We then disaggregated the genital ridges and seeded them onto a monolayer of STO cells in eight-well Lab-Tek II chamber slides (Fisher). The culture media and antibody concentrations were identical to those in the embryo slice experiments. After culturing overnight with either ECCD1, or the control antibody, ECCD2, we ®xed the cells in 4% paraformaldehyde for 10 min. We then permeabilized the cells for 5 min with PBS 1 0.2% Triton X-100 (Sigma) and Munro and Blaschuk (1996) . b Gokkel et al. (1992) . c Rossi et al. (1993) .
the cells were then stained with GFP and b-catenin antibodies.
